Many nondigestible oligosaccharides, such as fructooligosaccharides, isomaltooligosaccharides, galactooligosaccharides (GOS), and xylooligosaccharides, have been reported to beneficially affect human health. They are defined as prebiotics and are increasingly being used as functional food ingredients (18) . ␤-GOS are manufactured from highly concentrated lactose solutions by the action of ␤-galactosidases (␤-Gals) which have transgalactosylation activity. In standardized large-scale production, trisaccharides to hexasaccharides are the main products; hence, commercial GOS occur as mixtures of various degrees of polymerization (DP) and glycosidic linkages and contain large amounts of glucose and unreacted lactose. The linkage between galactose moieties (mainly ␤1-4, ␤1-6, and ␤1-3), the efficiency of transgalactosylation, and the components in the final product depend upon the enzymes and the reaction conditions (3, 7, 25, 30, 34, 39, 41) .
As demonstrated in several in vitro and in vivo studies (5, 40) , GOS resist hydrolysis by human digestive enzymes and are not absorbed on transit through the small intestine; therefore, they are available for fermentation by the colon-resident microflora. The utilization of GOS by the major intestinal bacteria has been investigated (25, 34, 46) . It was shown that ␤1-4-linked oligosaccharides were selectively utilized by all Bifidobacterium and some Lactobacillus and Bacteroides species, whereas they were not fermented by Clostridium, Eubacterium, Peptostreptococcus, Enterococcus, and Fusobacterium spp. and Escherichia coli. Both in vitro fecal cultures and in vivo nutritional studies demonstrated that GOS led to a significant and selective increase in the concentration of bifidobacteria in human and animal colonic flora (5, 16, 17, 38, 40) and modified the intestinal fermentative activity, increasing lactate, acetate, and total short-chain fatty acid production (5, 40) . As a consequence of such bifidogenic effects and the increase in short-chain fatty acids, in the last few decades GOS have been increasingly introduced as prebiotic ingredients for dietary or pharmaceutical applications. In particular, the addition of fructooligosaccharide and GOS mixtures to infant formulas stimulated Bifidobacterium growth and metabolic activity in the colon, thus reproducing the Bifidobacterium-dominant microflora of breast-fed infants (14, 15, 27) .
The ability of bifidobacteria to utilize GOS has been extensively demonstrated (10, 12, 22, 25, 46) . Bifidobacteria produce several ␤-Gals, which can have different properties, for hydrolysis of galactans and GOS (11, 20, 28, 36, 45) . Three intracellular ␤-Gals and one extracellular endo-␤-Gal with a transmembrane domain were predicted to occur in the Bifidobacterium longum genome (36) ; one extracellular and two intracellular ␤-Gals were cloned and characterized from Bifidobacterium bifidum (20) ; two intracellular enzymes were cloned and characterized from both Bifidobacterium infantis (20) and Bifidobacterium adolescentis (11, 45) . In this latter species, a ␤-Gal was induced only by GOS (DP, Ͼ2) and preferred ␤(1-4)-galactosides over lactose, while the other was induced by lactose (11, 45) . Interestingly, ␤-Gal from bifidobacteria can be exploited for glycosyl transfer reactions to synthesize oligosaccharides from lactose with the very attractive possibility of producing a prebiotic tailored towards specific Bifidobacterium strains (25, 30, 41) .
Although bifidobacteria have been proven to grow on GOS and some Bifidobacterium ␤-Gals are biochemically well characterized, little metabolic and kinetic information on GOS fermentation by bifidobacteria is available. The purpose of the present work was to study in depth the growth and the physiology of Bifidobacterium adolescentis MB 239 fermenting GOS and their components lactose, galactose, and glucose. These carbohydrates were used as the sole carbon source in batch experiments. ␤-Gal activity and location were determined. A mathematical model for growth of B. adolescentis MB 239 in batch cultures was developed, and kinetic parameters were calculated by means of a Matlab algorithm in order to provide the basis for more detailed comparison of the different carbon sources. The relative amounts of fermentation end products reflect cellular metabolic conditions. In order to give an explanation of the carbohydrate preferences of B. adolescentis MB 239, carbon fluxes and ATP yields were calculated on the basis of a fructose-6-phosphate shunt (Fig. 1) , the peculiar pattern of hexose catabolism in the genus Bifidobacterium (2, 35, 42) .
MATERIALS AND METHODS
Organism. Bifidobacterium adolescentis MB 239 was obtained from the Collection of the Ex-Institute of Agricultural Microbiology (at present the Department of Agroenvironmental Sciences) of the University of Bologna (V. Scardovi collection). B. adolescentis MB 239 was subcultured anaerobically at 37°C for 24 h in lactobacillus DeMan, Rogosa, Sharpe broth (Difco Laboratories, Sparks, MD) containing 0.5 g liter Ϫ1 cysteine-HCl. Chemicals and media. Glucose, galactose, and lactose were purchased from Sigma-Aldrich (Steinheim, Germany). A GOS syrup (Vivinal GOS) was obtained from Borculo Domo (Zwolle, The Netherlands). The GOS mixture contained 18.8% glucose, 3.5% galactose, 19.4% lactose, and 58.3% GOS with DP ranging between 3 and 9. A DP 3 oligomer accounted for 37% of total carbohydrates, and it was the most highly represented oligosaccharide. The concentration of the oligomers decreased with the increase in DP (Table 1 ). All other chemicals were obtained from Sigma-Aldrich (Steinheim, Germany) unless otherwise stated.
Fermentation experiments on the above carbohydrates were carried out in a semisynthetic medium (SM) that contained a surplus of amino acids and all the vitamins and the salts required for the growth of B. adolescentis MB 239 (1). In cultures without pH regulation, 10 g liter Ϫ1 sodium acetate was used as a buffering salt to prevent pH from dropping down and so inhibiting growth of B. adolescentis MB 239. If pH regulation was applied, sodium acetate was not included in the SM composition. Carbohydrate solutions were filtered through a 0.22-m-pore-size filter and added to the sterile basal medium as appropriate to obtain 600 mM C atoms (600 C-mM; 100 mM total hexose units).
Fermentation experiments. Controlled-pH batch cultures were carried out in a BM-PPS3 bioreactor (Solaris Biotech, Porto Mantovano, Italy) with a working volume of 2 liters. The temperature was kept at 37°C, and constant stirring (300 rpm) was applied. Anaerobic conditions were maintained by sparging filtersterilized nitrogen (Millex filter type GS, 33 mm) into the culture at a rate of 0.05 volume/volume/minute. No antifoaming agents were used. The fermentor was inoculated (5%, vol/vol) with exponential-phase precultures grown in the same medium buffered with 10 g liter Ϫ1 sodium acetate. The culture pH was continuously measured (Mettler Toledo InPro 3030/325) and regulated by automatic addition of 4 M NaOH. Growth was monitored by following changes in biomass dry weight (29) . Samples were periodically collected for analysis of carbohydrates, fermentation products, and ␤-Gal activity.
All fermentations were carried out in triplicate. The results presented below are representative of the three fermentations.
Analysis of substrates and products. The samples collected from B. adolescentis MB 239 cultures were immediately chilled at 0°C, centrifuged, and filtered (cellulose acetate syringe filter, 0.22 m; Albet Filalbet, Barcelona, Spain) to remove cells and to avoid changes in analyte concentrations resulting from active metabolism. Supernatants were frozen at Ϫ20°C until analyzed.
Carbohydrates were analyzed in supernatants utilizing overpressure layer chromatography (OPLC) and modern instrumental high-performance thin-layer chromatography with automated multiple development (HPTLC-AMD) techniques. In all the fermentation experiments, glucose, galactose, and lactose were analyzed with OPLC, whereas oligosaccharides were analyzed with HPTLC-AMD. OPLC was carried out on HTSorb fine silica gel layers with an aluminum backing (Bionisis, Le Plessis Robinson, France). Elution was performed with 10 ml of an acetonitrile-water (Carlo Erba Reagenti) solution (85:15) at the flow rate of 300 l min Ϫ1 . HPTLC-AMD (Camag, Muttenz, Switzerland) step-gradient elution was performed on 10-ϫ 20-cm Kieselgel 60 F254s HPTLC plates (Merck), using mixtures of ultrapure water and acetonitrile at different percentages (from 32 to 24% [vol/vol] water with a linear gradient). OPLC and HPTLC-AMD layers were derivatized with lead(IV) acetate and 2,7-dichlorofluorescein, Lactic acid, acetic acid, ethanol, and formic acid were analyzed using highpressure liquid chromatography with a refractive index detector (Erma Inc., Tokyo, Japan). An Aminex HPX-87H ion exclusion column was used at room temperature. Isocratic elution was carried out with 0.005 M H 2 SO 4 at 0.6 ml min Ϫ1 . Triplicate samples were analyzed. Analysis of ␤-Gal activity. ␤-Gal activity was assayed on permeabilized cells, nonpermeabilized cells, and dialyzed supernatants. The culture was centrifuged at 6,000 ϫ g for 10 min at 0°C. The supernatant was filtered at 0.22 m and dialyzed against 50 mM pH 7 phosphate buffer in a 14-kDa-cutoff membrane at 4°C. Biomass was washed twice in Z buffer (0.1 M phosphate buffer, pH 7; 10 mM MgSO 4 · 7H 2 O; 1 mM CaCl 2 ) and concentrated 10-fold. Permeabilization was achieved by mixing 0.5 ml suspension with 0.5 ml of Triton X-100 (5% [vol/vol] in Z buffer) and incubating the mixture at 37°C for 10 min. All samples were examined using the o-nitrophenyl-␤-D-galactopyranoside assay (1). One unit of ␤-Gal was defined as the amount of enzyme required to release 1 mol of nitrophenol per minute under the assay conditions. Specific activity was expressed as units per milligram of dry biomass.
Modeling and parameter estimation. An unstructured unsegregated model was used to describe B. adolescentis MB 239 fermentations. The model was based on the mass balance equations reported in Table 2 . Growth was considered carbon limited, according to the Monod model. Production of acetate, lactate, formate, and ethanol was considered growth associated. Biomass and substrate balance equations took account of cellular death and maintenance terms, respectively.
The experimental data obtained from batch fermentations were used to determine the parameter values in the kinetic equations. For this purpose, nonlinear least-square analysis was used to obtain best-fit values of the model parameters by solving numerically the system of ordinary differential equations for all the stated variables. This procedure was carried out using Matlab software (version 6.5, release 13; MathWorks), specifically the stiff differential equation solver ODE15S, in conjunction with the nonlinear regression analysis program LSQNONLIN. These programs required initial estimation of the parameters and iteratively sought the values that minimized the sum of squared residuals (RSS): RSS ϭ RSS X ϩ RSS S ϩ RSS P , where RSS X , RSS S , and RSS P correspond to the sum of the squared residuals between experimental and modeled values for biomass, substrate, and products, respectively. The NLPARCI function was used to estimate the 95% confidence intervals of the calculated parameters.
Experimental carbon concentrations (C-mM) of carbohydrate, biomass, and products were input. The biomass molar concentration was calculated on the basis of Lactococcus lactis elemental composition, C 1 H 1.95 O 0.63 N 0.22 P 0.02 S 0.01 , corresponding to a molecular mass of 27.8 g C mol Ϫ1 (21) .
RESULTS
Comparative growth on glucose, galactose, lactose, and GOS. Controlled-pH batch culturing of Bifidobacterium adolescentis MB 239 was carried out in the carbon-limited SM that contained 600 C-mM glucose in order to determine the pH optimum for growth. The pH of batch cultures was kept at 4.5, 5.0, 5.5, 6.0, and 6.5 ( Table 3 ). The maximum biomass yield and specific growth rate were both observed at pH 5.5. Acid production was determined by monitoring the addition of pH corrector. With the exception of pH 4.5, which did not lead to any growth, higher biomass production was associated with lower base addition, although this was not a linear correlation. Accordingly, the lowest level of production of organic acids from fermentative metabolism was observed at pH 5.5.
Comparative batch experiments on 600 C-mM glucose, galactose, lactose, or GOS as sole carbon source were carried out. The pH was kept at 5.5, specifically the optimal pH value for growth of B. adolescentis MB 239. The strain was incapable of growing in SM without addition of carbohydrate. It grew on glucose, galactose, and lactose with a continuous exponential growth phase, and stationary phase occurred when the carbon sources were depleted after 17, 9, and 12 h, respectively. On GOS, the specific growth rate progressively decreased, suggesting different consumption kinetics for the components of the mixture (Fig. 2) . The specific growth rate was calculated from the exponential-phase biomass concentrations (for GOS, the initial growth phase was considered); the biomass yield coefficient was determined at the entrance into stationary phase (Table 4) . B. adolescentis MB 239 grew with the highest specific growth rate and biomass production on galactose and with the lowest values on glucose. On both lactose and GOS, the specific growth rate and biomass production were higher than those on glucose but lower than those on galactose. Fermentation products were monitored throughout batch fermentations; their C-mM concentrations at the stationary phase are reported in Table 4 . Lactic and acetic acids were the major products on all the carbon sources, even if different concentrations and relative amounts were observed. Acetic acid was more abundant than lactic acid on galactose, lactose, and GOS. In contrast, lactic acid was the most abundant fermentation product on glucose. Ethanol was a minor product on all the carbohydrates. The highest ethanol concentration was obtained on glucose (89 C-mM), and the lowest was obtained on galactose (1.3 C-mM). Formic acid production was never observed on any of the carbon sources. Lactic acid, acetic acid, and ethanol were all growth-associated products since their accumulation ended at the entrance into stationary phase, in agreement with the trends for base addition (data not shown).
Mathematical modeling and flux estimation. C-mM concentrations of biomass, total carbohydrates, ethanol, acetic, lactic, and formic acids were used to estimate the parameters of the unstructured unsegregated kinetic model on glucose, galactose, lactose, and GOS. Values for the best-fit kinetic param- Table 5 , which also reports the 95% confidence interval for each parameter and the squared root of RSS values 
a Distinct mass balance equations for lactate (L), acetate (A), ethanol (E), and formate (F) were used. to assess the degree of fit of the model to each experimental data set. The highest maximum specific growth rate ( max ) was obtained on galactose, followed by GOS, lactose, and glucose (0.55, 0.38, 0.32, and 0.22 h Ϫ1 , respectively). The biomass/ substrate yield coefficient (Y X/S ) was higher on galactose (0.29) than on lactose (0.22), GOS (0.18), and glucose (0.15). Best-fit max and Y X/S from nonlinear regression were in good agreement with experimental values reported in Table 4 . The highest half-saturation constant (K S ) was obtained on GOS, followed by glucose, lactose, and galactose in decreasing order (112.2, 52.4, 38.1, and 32.0 C-mM, respectively). No significant differences were observed among both maintenance and cellular death terms. (Fig. 3) . Distributions between C 3 (lactic acid) and C 2 (acetic acid plus ethanol) products were similar on all the carbon sources. In fact, the flux toward lactic acid always accounted for 44.0 to 47.0% of the total flux toward the fermentation products, whereas the flux toward the C 2 products ranged between 53.0 and 56.0%. Nevertheless, differences were observed in flux distribution between acetic acid and ethanol; in fact the flux toward ethanol was 0.2, 2.7, 5.4, and
FIG. 2. Batch fermentation of B. adolescentis MB 239 in SM that contained 600 C-mM glucose (a), galactose (b), lactose (c), and GOS (d).
Symbols: OE, biomass; Ⅺ, total carbohydrates; solid line, intracellular ␤-Gal specific activity; dashed line, surface ␤-Gal specific activity. 19.6% on galactose, lactose, GOS, and glucose, respectively. The flux toward formic acid was 0% on all the carbon sources. The stoichiometry of the fermentative pathway and the knowledge of the carbon distribution among the end products allowed the calculation of ATP yields on the different carbohydrates. One ATP is consumed for each fermented hexose, two are generated in the reactions that lead to pyruvate, and one is generated from each acetylphosphate that is converted to acetate (Fig. 1) . Therefore, galactose, lactose, GOS, and glucose yielded 2.4, 2.34, 2.28, and 1.86 mol of ATP per mol of fermented hexose, respectively.
Lactose and GOS consumption in batch cultures of B. adolescentis MB 239. Carbohydrates were monitored with HPTLC-AMD and OPLC techniques during batch cultures on lactose and on the GOS mixture. When lactose was used as the sole carbon source, the production of glucose and galactose was observed in the first 12 h. Monosaccharides http://aem.asm.org/ generated from lactose hydrolysis were consumed when lactose ran out (Fig. 4) . When the GOS mixture was used as the carbon source, lactose and the trisaccharide were consumed first, whereas glucose was not initially utilized (Fig. 4) . Glucose, lactose, and the trisaccharide were simultaneously used after 5 h of culture and were depleted after 12, 14, and 15 h, respectively. None of the oligomers with DPs ranging between 4 and 9 were initially utilized, but all were all rapidly consumed when lactose was depleted (14 h). Throughout the consumption of the oligosaccharides, galactose accumulated in the cultural broth and was consumed when lactose ran out.
␤-Gal activity. Surface and intracellular ␤-Gal specific activities were monitored during batch cultures growing on glucose, galactose, lactose, and GOS. Surface activity was determined in intact cells; intracellular activity was calculated as the difference between activities in permeabilized and intact cells. On glucose, both intracellular and surface activities were never over 0.9 U mg Ϫ1 (Fig. 2) . On galactose intracellular ␤-Gal decreased from 5.3 to 0.8 U mg Ϫ1 during the exponential phase; then it increased again during the stationary phase up to 3.0 U mg Ϫ1 . About 2.0 U mg Ϫ1 surface activity was found in the first 5 h of fermentation; a rapid decrease was then observed in the late exponential phase and was followed by a slight increase during the stationary phase (Fig. 2) . During growth on lactose, intracellular ␤-Gal continuously increased throughout the exponential phase up to 10 U mg Ϫ1 , whereas surface activity was never over 1.1 U mg Ϫ1 (Fig. 2) . B. adolescentis MB 239 increasingly produced intracellular ␤-Gal up to 7.2 U mg Ϫ1 when the strain was exponentially growing on GOS. As observed in galactose fermentation, surface hydrolytic activity was about 2.0 U mg Ϫ1 in the first 5 h, and then it decreased in the late exponential phase and increased again at the stationary phase (Fig. 2) .
Extracellular ␤-Gal levels, analyzed in dialyzed supernatants at the late exponential phase, were always very low: 0.0093, 0.0078, 0.0045, and 0.0034 U mg Ϫ1 were obtained on galactose, lactose, glucose, and GOS, respectively (standard deviations in triplicate experiments were 0.0004, 0.0012, 0.0008, and 0.0008 U mg Ϫ1 , respectively).
DISCUSSION
This study aimed to investigate the fermentative metabolism of Bifidobacterium adolescentis MB 239 on glucose, galactose, and lactose and on a mixture of GOS composed of oligosaccharides with DP ranging between 3 and 9 (58.3%), lactose (19.4%), galactose (3.5%), and glucose (18.8%). An unstructured unsegregated mathematical model that accurately described the kinetics for batch cultures was successfully developed. The kinetic parameters were calculated by means of a Matlab algorithm using experimental data from batch cultures as proposed by Boonmee et al. (4) .
Based on the 95% confidence limits, accurate values were obtained for all the calculated parameters. Carbohydrate preferences were established by comparing maximum specific growth rates, cellular yields, and saturation constants. Galactose led to the highest growth rate and cellular yield, whereas glucose was the poorest carbon source for growth. GOS and lactose were both worse growth substrates than galactose but better than glucose, in agreement with a study demonstrating that B. adolescentis MB 239 preferred oligosaccharides over glucose (1) .
Previous papers dealing with fermentation of mono-and oligosaccharides by bifidobacteria report wide differences in sugar preferences among oligosaccharides and their monomeric constituents. In fact, monosaccharides were preferred over oligosaccharides in a few cases (19, 24, 44) , while growth rates and cell yields were higher on disaccharides and oligosaccharides than on their monomeric moieties in many others (1, 9, 12, 13, 22, 26, 43) .
Even if the half-saturation constant cannot be used as a direct measure of microbial affinity for substrates, K S values confirmed that galactose was preferred over lactose and lactose over glucose. The K S value was significantly higher on GOS, since the mixture components were consumed with different kinetics and carbohydrates with lower affinity, which were used at the end of the growth phase, negatively affected the K S estimation. In fact the mathematical model regarded the GOS mixture as a single chemical species, and total carbohydrate concentration (C-mM) was used by the calculation algorithm.
B. adolescentis MB 239 exhibited a stringent selectivity based on the DP since the oligomers with DP 2 (lactose) and 3 were the first to be consumed, and longer oligosaccharides were simultaneously utilized after lactose depletion. The different consumption kinetics of the mixture components are consistent with a decreasing specific growth rate. Polyauxic consumption can be explained by the activity of different enzymes and/or transporters or by the different affinities of enzymes and/or transporters toward the oligomers with different DPs. Unlike the vast majority of documented cases in which monosaccharides are the substrates preferred by microorganisms in a mixed-carbon source environment (6, 32, 33) , B. adolescentis MB 239 did not show any preference for glucose that was contained in the commercial mixture, in agreement with a previous study concerning its behavior on mixtures of monoand oligosaccharides (1) . The biochemical effects of lactose on galactose uptake and/or metabolism by bifidobacteria have never been investigated, but a study demonstrated that lactose led to the repression of a glucose-H ϩ symporter gene, glcP, in B. longum NCC2705, thus explaining the lactose-over-glucose preference in that strain (23) and possibly in B. adolescentis MB 239.
Throughout the batch fermentations on both lactose and GOS, galactose accumulated in the cultural broth, suggesting that ␤(1-4) galactosides can be hydrolyzed before they are taken up by B. adolescentis MB 239 and that the rate of galactose production was higher than the rate of galactose uptake, leading to a net accumulation into medium. Even if galactose supported the fastest growth, it was not used up before more complex sugars were, in agreement with previous chemostat and batch experiments on single and mixed carbohydrates which also demonstrated that similar extracellular hydrolysis by B. adolescentis MB 239 can occur for raffinose and fructooligosaccharides as well (1) . In order to assess activity and location of ␤-Gal, intracellular, surface, and extracellular specific activities were assayed during batch cultures on GOS, lactose, galactose, and glucose. On all the carbohydrates, very low ␤-Gal activity was found in the supernatant. On glucose, intracellular ␤-Gal was scarce. On galactose, the intracellular ␤-Gal activity that was found in the early hours of cultivation probably came from the corresponding preculture; then it was not produced during exponential phase, or it was produced at a lower rate than biomass was. At the end of growth, when galactose ran out, ␤-Gal was restored. As expected, lactose was the best inducer of intracellular ␤-Gal and high levels were also found during growth on GOS. It is remarkable that ␤-Gal production was not strongly repressed during growth on GOS even if the commercial mixture contained a high glucose concentration. ␤-Gal activity was found on the surface of B. adolescentis MB 239 during growth on galactose, lactose, and GOS, confirming that both intracellular and extracellular hydrolysis are involved in the utilization of ␤ (1-4) galactosides.
In bifidobacteria, oligosaccharides and polysaccharides are depolymerized down to their monomeric constituents, which are incorporated into the fructose-6-phosphate shunt, giving lactic and acetic acids as the major products and ethanol and formic acid as the minor ones (2, 35, 42) . Hexoses are broken down throughout the shunt so that the carbon flux is equally divided into two-carbon and three-carbon molecules. In response to different ATP or NAD ϩ cellular requirements, pyruvate can be diverted from forming lactate to forming acetylphosphate and formate by the phosphoroclastic reaction, and acetylphosphate can be reduced to ethanol at the expense of acetate production ( Fig. 1) (2, 35, 42) . Moreover, part of the carbon flux is subtracted to fermentation and is directed to anabolic processes for biomass production. The relative amounts of fermentation products reflect cellular metabolic conditions that are anything but invariable, and it should not be expected that the theoretical lactate/acetate ratio of 1:1.5 is generally obtained. Wide differences in end product formation were actually reported in literature, depending on the strain, the carbon source, the cultural medium, and the growth conditions (22, 24, 31, 37, 42, 44) .
In the present study, the yields of fermentation products on glucose, galactose, lactose, and GOS are discussed with respect to ATP gains. Two-carbon molecules (acetate plus ethanol) always accounted for about the 55% of the carbon flux toward products on all the carbon sources, whereas lactate accounted for the remaining 45%. No formate production was observed, suggesting that the phosphoroclastic reaction did not occur in B. adolescentis MB 239; hence, the imbalance between twocarbon and three-carbon products could be due to the efflux of metabolic intermediates from the fermentative shunt toward the anabolic pathways. The enzymes involved in the phosphoroclastic reaction in bifidobacteria are still not biochemically characterized. It is likely that they are formate acetyltransferase (EC 2.3.1.54) and phosphate acetyltransferase (EC 2.3.1.8). The putative genes coding for both the enzymes are present in the genomes of B. adolescentis ATCC 15703 and B. adolescentis L2-32. Nevertheless, this does not ensure that they are expressed by B. adolescentis MB 239 in the experimental conditions of the present study. It is remarkable that different ethanol yields were obtained: no ethanol was produced on galactose and low yields were obtained on lactose and GOS, whereas glucose led to the highest ethanol yield. Ethanol production caused a lower amount of acetylphosphate to be converted into acetate; thus, ATP production was lower, too. Based on the shunt stoichiometry and on the end product yields, ATP production was 25, 8, and 5% lower on glucose, GOS, and lactose, respectively, than on galactose. Sugar uptake mechanisms in B. adolescentis are not known; thus, energetic expenses for transport of glucose, galactose, lactose, and ␤-galactosides could not be included in calculations. Nevertheless, there was a correspondence among ethanol production, low ATP yields, low maximum specific growth rate, and low biomass yield.
This study extends the knowledge of Bifidobacterium interactions with such important prebiotic carbohydrates as GOS. Moreover it demonstrates that carbohydrate preferences in Bifidobacterium result not only from the efficiency of substrate transport systems as previously suggested (1, 12) but also from different distributions of carbon fluxes through the fermentative pathway.
